A recombinant plasmid isolated from a Mycobacterium fortuitum genomic library by selection for gentamicin and 2-N-ethylnetilmicin resistance conferred low-level aminoglycoside and tetracycline resistance when introduced into M. smegmatis. Further characterization of this plasmid allowed the identification of the M. fortuitum tap gene. A homologous gene in the M. tuberculosis H37Rv genome has been identified. The M. tuberculosis tap gene (Rv1258 in the annotated sequence of the M. tuberculosis genome) was cloned and conferred low-level resistance to tetracycline when introduced into M. smegmatis. The sequences of the putative Tap proteins showed 20 to 30% amino acid identity to membrane efflux pumps of the major facilitator superfamily (MFS), mainly tetracycline and macrolide efflux pumps, and to other proteins of unknown function but with similar antibiotic resistance patterns. Approximately 12 transmembrane regions and different sequence motifs characteristic of the MFS proteins also were detected. In the presence of the protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP), the levels of resistance to antibiotics conferred by plasmids containing the tap genes were decreased. When tetracycline accumulation experiments were carried out with the M. fortuitum tap gene, the level of tetracycline accumulation was lower than that in control cells but was independent of the presence of CCCP. We conclude that the Tap proteins of the opportunistic organism M. fortuitum and the important pathogen M. tuberculosis are probably proton-dependent efflux pumps, although we cannot exclude the possibility that they act as regulatory proteins.
Mycobacteria cause several diseases, including tuberculosis (Mycobacterium tuberculosis), leprosy (M. leprae), systemic infections in AIDS patients (M. avium), and nosocomial and opportunistic infections (M. fortuitum). The treatment of mycobacterial infections is often difficult because these bacteria are intrinsically resistant to most common antibiotics and chemotherapeutic agents (21) . Furthermore, the emergence of multidrug-resistant strains has become an additional handicap in the control of tuberculosis.
In recent years, considerable work has been done on the characterization of genes involved in acquired drug resistance in mycobacteria, specifically following the emergence of clinical isolates of multidrug-resistant M. tuberculosis (26) . This work has led to the identification of the molecular basis of resistance: structural or metabolic genes determine a high level of resistance to a single drug when altered. In most cases, multidrug-resistant isolates have accumulated independent mutations in several of these genes (14) .
There are several examples in other bacterial species of a multidrug resistance phenotype determined by a single gene product (29, 35) . Such products are typically membrane transport proteins which can remove toxic compounds by active transport after they have entered the cytoplasm by diffusion.
These bacterial membrane efflux pumps form a large and heterogeneous family of energy-dependent membrane proteins capable of extruding either a single antibiotic, such as tetracycline, or a wide variety of chemically and structurally unrelated substances. In these pumps, mutations can increase the level of resistance (18) or broaden the range of substances transported. On the other hand, an inhibitor of such pumps can make the organism more susceptible to antimicrobial agents (27) . The characterization of efflux pumps may thus allow the design of new therapeutic strategies.
Recently, the efflux pump LfrA, conferring low-level resistance to fluoroquinolones and other compounds (22, 42) , Tet(V), conferring resistance to tetracycline (9) , and Emb, conferring resistance to ethambutol (43) , were found in nonpathogenic M. smegmatis. However, in a characterization of the efpA gene, encoding a putative efflux protein from M. tuberculosis (11) , the associated resistance phenotype could not be detected.
In this work, we describe the characterization of a gene encoding a putative multidrug efflux pump which confers lowlevel resistance to aminoglycosides and tetracycline in the opportunistic pathogen M. fortuitum (the terms tap for and Tap for are used here to indicate the gene and the protein, respectively, isolated from M. fortuitum). Its homologue in the important pathogen M. tuberculosis confers resistance to tetracycline (the corresponding gene and protein are designated tap tub and Tap tub , respectively). These proteins show a significant homology to some proton drug antiporters, especially tetracycline and macrolide transporters, suggesting they are protonmotive-force-dependent efflux pumps capable of exporting tetracycline and some aminoglycosides.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The reference strains and plasmids are listed in Table 1 . The subclones constructed from plasmid pCSA44 are shown in Fig. 1 . The expression vector pSODIT2 was constructed as follows. The M. tuberculosis superoxide dismutase promoter (46) was amplified with the oligonucleotides 5Ј-GCTCTAGACAGCCTGGGGGCGTCCTG-3Ј and 5Ј-CG GGATCCCACGGCATTCCTTCCTTCGAT-3Ј as primers, M. tuberculosis H37Rv DNA as a template, and Deep Vent polymerase (New England Biolabs). The primers provide artificial XbaI and BamHI sites at the ends of the superoxide dismutase promoter. The PCR product was digested with XbaI and BamHI and ligated in the shuttle vector pOLYG (32) cut with the same enzymes to produce pSODIT-2 (Fig. 2) .
All media were obtained from Difco Laboratories, Detroit, Mich. Middlebrook 7H9 broth with 0.05% Tween 80, Middlebrook 7H10 agar, or Luria broth (LB) with 0.5% Tyloxapol (Sigma Chemical Co., St. Louis, Mo.) was used to culture the mycobacterial strains. Escherichia coli XL1-Blue or E. coli DH5␣ was cultured in LB or brain heart infusion. All the cultures were incubated at 37°C. Kanamycin A (Sigma) at 20 g/ml or hygromycin (Boehringer GmbH, Mannheim, Germany) at 50 g/ml for mycobacteria or 250 g/ml for E. coli was added when necessary to maintain the plasmids.
Antibiotic susceptibility testing. The MICs of the antibiotics were determined by serial dilution of the antibiotics either by plate dilution or by microdilution in liquid medium. Mueller-Hinton agar (Difco) plates containing antibiotic were inoculated with cultures diluted to 10 5 CFU/ml and incubated at 37°C for up to 5 days. For liquid cultures, 100 l of medium with antibiotic was serially diluted in 100-l aliquots of medium without antibiotic in microtiter plate wells. Subsequently, the microtiter plate wells were inoculated with 10 l of cultures diluted to 10 6 CFU/ml and incubated at 37°C for up to 4 days. The Alamar Blue assay (13) was used in order to precisely determine the lowest concentration that inhibited growth. All MIC determinations were repeated at least three times.
The MICs of the antibiotics were determined with and without the membrane deenergizer carbonyl cyanide m-chlorophenylhydrazone (CCCP; Sigma) at a concentration of 0.8 g/ml in order to evaluate the effects of alterations in the proton gradient on resistance levels (20) .
Assay of tetracycline accumulation. The accumulation of tetracycline was monitored as described previously (22, 24 Samples of 50 l were removed every 4 min, diluted into 1 ml of 100 mM KPO 4 -100 mM LiCl (pH 7.0), filtered through 0.45-m-pore-size filters (Millipore), and quickly washed with 8 ml of the same buffer. Finally, filters were dried and counts were determined with a liquid scintillation counter (Beckman LS-6000 IC). When the effect of protonophores was studied, CCCP was added to a final concentration of 20 g/ml 10 min after the addition of tetracycline. In a different experiment, cells were preincubated with CCCP 60 min before the addition of tetracycline. In both cases, the cells were treated as described above. Electroporation of M. smegmatis. M. smegmatis mc 2 155 was transformed by electroporation. Briefly, competent cells were prepared by culturing strains to an optical density (OD) of 0.75 and were washed three times with ice-cold 10% glycerol. Aliquots were rapidly frozen in a dry ice-ethanol bath and stored at Ϫ80°C. Electroporation was performed with a Gene Pulser (Bio-Rad Laboratories Inc., Richmond, Calif.) at 2.5 kV, 25 F, and 1,000 ⍀. Plates containing 20 g of kanamycin per ml or 50 g of hygromycin per ml were used to select the transformants.
Molecular biology procedures. Electrophoresis, digestion, ligation, dephosphorylation, plasmid extraction, transformation, and electroporation were performed as described elsewhere (39) or according to supplier recommendations (Boehringer). Double-stranded DNA sequencing was performed by the dideoxynucleotide chain termination method with M13 universal primers, a Cy5 Autocycle sequencing kit (Pharmacia), and an ALFexpress DNA analysis system (Pharmacia) in accordance with manufacturer instructions.
Computer analysis. Nucleotide and amino acid sequences were analyzed and compared with Genetics Computer Group software (10) either at the Centro Nacional de Biotecnología, Madrid, Spain, or at the Human Genome Mapping Project, Cambridge, United Kingdom. Databases were searched with the programs BLAST and PSI-BLAST (3a) at the National Center for Biological Information. The TMpred program (16) was used to estimate the number of transmembrane segments (TMS). Clustal W (44) was used to generate the phylogenetic tree, and TreeView (33) was used to display it.
Nucleotide sequence accession number. The nucleotide sequence of the M. fortuitum tap for gene has been deposited in GenBank under accession no. AJ000283.
RESULTS
Isolation of an M. fortuitum multidrug resistance gene, tap for . We previously described the construction of an M. fortuitum genomic library in M. smegmatis mc 2 155 and the selection of 80 clones that conferred resistance to 4 g of gentamicin per ml (2) . An analysis of some of these clones allowed the characterization of the aac(2Ј)-Ib gene (3), which encodes the enzyme aminoglycoside 2Ј-N-acetyltransferase enzyme [AAC(2Ј)]. The 80 gentamicin-resistant clones were then screened for resistance to other aminoglycosides, and 7 clones were found to be resistant to 2-NЈ-ethylnetilmicin, an aminoglycoside that lacks the 2Ј amino group and therefore is not a substrate for the AAC(2Ј) enzyme. The plasmids contained in the seven clones were transferred to E. coli XL1-Blue and analyzed by endonuclease restriction. Six of the seven plasmids were found to contain the aac(2Ј)-Ib gene; plasmid pCSA44 did not contain the aac(2Ј)-Ib gene. When transformed into M. smegmatis mc 2 155, plasmid pCSA44 conferred gentamicin and 2Ј-N-ethylnetilmicin resistance. This plasmid was further studied.
The insert of pCSA44 is 15 kb long. Three unique sites (XbaI, EcoRV, and BamHI) are located within the insert. Initially, these sites and the HindIII site of the polylinker of pSUM36 were used to construct four subclones: pAC68, pAC69, pAC73, and pAC74 (see Fig. 1 and Table 1 for further details on the constructs). The three constructs in which the BamHI site was affected (pAC68, pAC69, and pAC73) abolished the phenotype of 2Ј-N-ethylnetilmicin resistance. Only plasmid pAC74, which contained the BamHI site unaffected, produced the same phenotype as parental plasmid pCSA44.
In order to confirm that the region around the BamHI site was responsible for the resistance phenotype, two further plasmids were constructed. First, pCSA44 was digested with BamHI, filled in, and religated, producing plasmid pCSA44*; the latter plasmid was unable to confer the resistance phenotype to M. smegmatis mc 2 155 (Table 2) . Second, the 2.3-kb PstI fragment containing the BamHI site was cloned in vector pSUM36, resulting in pAC48; the latter plasmid conferred the same phenotype to M. smegmatis mc 2 155 as pCSA44 and pAC74.
The sequence of both strands of the 2.3-kb PstI DNA fragment in pAC48 was determined. A search for coding regions revealed the presence of an open reading frame (ORF) with a GϩC content of 68.1%, in agreement with values previously described for mycobacterial genes and genomes (7), as well as the GϩC content of the third base of the codons (88.5%). This ORF spans from nucleotides 620 to 1849 and contains the BamHI site mentioned above at position 736. Preceding the ATG start codon, two putative ribosome binding site sequences, GATA and AGA, were found. No putative transcription signals were detected by inspection of the sequence, but since pAC48 and pAC49 contain the same insert in opposite orientations and confer the same level of resistance (data not shown), the upstream region probably contains the necessary transcription signals. This ORF has been designated tap for (tetracycline-aminoglycoside resistance) and encodes a protein that confers low-level resistance to aminoglycosides and tetracycline (see below).
Cloning of the M. tuberculosis tap tub gene. Homology searches of databases with the M. fortuitum tap for nucleotide sequence found the ORF Rv1258 in the M. tuberculosis genome (8) , which showed 71% nucleotide identity. This ORF was amplified by PCR from M. tuberculosis H37Rv DNA with the primers 5Ј-AAGGATCCATGAGAAACAGCAACCGC-3Ј and 5Ј-AGCTAAGCTTCAGGCCAGCCAGCAC-3Ј, which contain, respectively, the start and stop codons proposed for the ORF (indicated in bold). The 1.26-kb product was digested with BamHI and HindIII and ligated to pSODIT-2. The resulting plasmid was designated pefpD, following the nomenclature used to designate efflux pumps in M. tuberculosis (11) . This plasmid was electroporated into M. smegmatis mc 2 155, and changes in susceptibilities to a wide range of compounds were determined. The homologous gene found in M. tuberculosis has been designated tap tub . Further sequence analysis of the putative Tap proteins. The deduced protein sequences of the Tap for and Tap tub proteins showed 68% amino acid identity and 83% amino acid similarity. The alignment of both proteins is shown in Fig. 3 . Protein databases were searched with the deduced Tap for sequence in order to find other, similar proteins. The homologous proteins identified with the program BLAST are summarized in Table  3 . Proteins showing the highest scores for amino acid identity to Tap for over the whole protein sequence are Mrx from E. coli, a protein with unknown function but involved in macrolide resistance (31); another E. coli protein closely related to Mrx and encoded by an ORF located close to the macrolide phosphotransferase K gene (17) ; and a putative multidrug transporter (YfiS) identified in the sequencing of the Bacillus subtilis genome (19) . In addition, three M. smegmatis proteins were found to be homologous to Tap for : a putative transport protein encoded by a gene adjacent to (but probably not involved in) the ethambutol resistance operon (43), a tetracycline efflux pump (9) , and the quinolone transporter LfrA (42) . Lower, but significant, homology was found with the p43 protein of E. coli, whose gene is adjacent to but independent from the ferric enterobactin transport operon (5, 40) . Approximately 20% amino acid identity was found with other wellknown multidrug resistance proteins, such as the macrolide efflux pumps (Mef) from Lactobacillus lactis, Streptococcus pyogenes (6), and Streptococcus pneumoniae; the B. subtilis trans- porters Bmr (27) and Blt (1); and the NorA protein from Staphylococcus aureus (45) . The latter proteins belong to the major facilitator superfamily (MFS) of proton antiporter proteins and are multidrug efflux pumps (35) . In addition, some homology was found with diverse metabolite transporters (data not shown). A phylogenetic tree showing the relationships among the proteins mentioned is shown in Fig. 4 , in which it can be appreciated that the E. coli Mrx protein is the closest homologue of the Tap proteins. The program PSI-BLAST was used for a further search of the databases and identified many tetracycline efflux pumps, macrolide efflux pumps, and other multidrug resistance proteins as homologs (data not shown).
Several sequence motifs have been described as important for the structure or function of the MFS proteins (34, 35) , although it is difficult to specify roles for specific regions. Pao et al. (34) described a sequence motif characteristic of most protein families in the MFS, and the same motif is described in the Prosite database as a sugar transport protein signature (accession no. PS00216). This motif is present in both Tap proteins, as are other motifs characteristics of drug export proteins and the 12-TMS family (Fig. 3) . Other motifs such as (16) , which suggested the presence of at least 10 TMS (data not shown), although it was not possible to unambiguously determine the number of TMS from the primary sequence (37) . Most likely, these proteins have 12 TMS because of their homology to other proteins of the MFS with 12 TMS and the presence of the sequence motif characteristic of the 12-TMS family.
Substrate profile, resistance levels, and proton motive force dependence of the Tap proteins. Sensitivity tests to determine the substrate profile, resistance levels, and proton dependence of the Tap proteins were carried out by plate dilution and by microdilution. Both methods gave the same results.
The clone containing the tap for gene was initially identified by its ability to confer an increase in the levels of resistance of M. smegmatis mc 2 155 to the aminoglycosides gentamicin and 2-NЈ-ethylnetilmicin. However, the screening of other compounds showed that Tap for also confers an increase in the levels of resistance to 6-NЈ-ethylnetilmicin, streptomycin, and tetracycline (Table 2) but not netilmicin (data not shown). The MICs for the aminoglycosides neomycin, amikacin, and kanamycin could not be tested with the existing plasmid constructions because of the specificity of the resistance marker kan of the pSUM36 vector used. There was no increase in the levels of resistance to other compounds, such as chloramphenicol, ciprofloxacin, and ethidium bromide (data not shown).
The Tap tub protein has a more restricted specificity, conferring resistance to tetracycline (Table 2) but not streptomycin, gentamicin, netilmicin, 2-NЈ-ethylnetilmicin, 6-NЈ-ethylnetilmicin, or any other aminoglycoside tested (including neomycin, kanamycin, amikacin, dibekacin, sisomycin, puromycin, and tobramycin). It also has no effect on resistance to fluoroquinolones (ciprofloxacin and ofloxacin); antituberculosis drugs (isoniazid, rifampin, ethionamide, and pyrazinamide); or other compounds, such as chloramphenicol, ethidium bromide, acridine orange, capreomycin, chlortetracycline, crystal violet, daunomycin, doxycycline, doxorubicin, erythromycin, ethambutol, fusidic acid, lincomycin, minocycline, p-aminosalicylic acid, phosphomycin, thiacetazone, vancomycin, clarithromycin, cycloserine, or rhodamine.
The resistance levels conferred by either of the Tap proteins to M. smegmatis are low. In general, membrane efflux pumps also confer low levels of resistance, which contrast with the high levels that enzymatic inactivation mechanisms can confer. In addition membrane efflux pumps can confer resistance to unrelated antibiotics. These findings, together with the sequence homology to some multidrug efflux pumps, led us to consider the hypothesis that the Tap proteins act as protonmotive-force-dependent efflux pumps. In order to test this hypothesis, two related experiments were performed. First, the levels of resistance conferred by the Tap proteins were compared in the presence and absence of the membrane energy uncoupler CCCP, which is known to disperse the proton gradient across membranes. The MICs (expressed as relative resistance) for the different constructs studied are shown in Table 2. The MICs for wild-type M. smegmatis mc 2 155 carrying no plasmid were not altered by the presence of CCCP; however, the MICs for cells carrying either the tap for gene or the tap fub gene were notably reduced by the presence of CCCP. Second, the time course of the accumulation of tritiated tetracycline was determined for M. smegmatis mc 2 155 carrying either the vector pSUM36 or the plasmid pAC48, which contains the tap for gene. The results of these experiments (Fig. 5) showed that M. smegmatis mc 2 155 carrying the vector pSUM36 accumulated more tetracycline than M. smegmatis mc 2 155 carrying the plasmid pAC48. However, the accumulation levels were not changed by preincubation with CCCP (Fig. 5) or by the addition of CCCP during the time course (data not shown), showing that the mechanism of resistance in cells expressing the tap for gene apparently was not affected by the proton motive force.
DISCUSSION
Mycobacteria are intrinsically resistant to a wide range of antibiotics. The thick, waxy mycobacterial cell wall often has been implicated as one of the reasons for this resistance (21, 30) . Although the cell wall considerably slows down the diffusion of antibiotics into the bacterium, it cannot completely prevent it. Other active mechanisms of resistance therefore must be present. In the last few years, considerable work has been done on the characterization of such resistance mechanisms in mycobacteria (26) , especially as the emergence of multidrug-resistant strains has become an important problem. In other bacteria, genes conferring resistance to a range of different and unrelated antibiotics usually encode membrane efflux pumps (35) . The recent publication of the complete M. tuberculosis genome (8) has revealed the presence of genes for 20 putative multidrug transporters, as in other genomes of the same size (38) . One of these genes, efpA, has been characterized, but no resistance phenotype could be detected (11) .
The sequences of the putative membrane efflux pumps Tap for from M. fortuitum and Tap tub from M. tuberculosis, described in the present work, showed homology to those of a wide range of membrane proteins (Table 3) . Some of these proteins are efflux proteins that have been shown to recognize antibiotics as substrates; these proteins include the products of the lfrA, tet(V), emb, norA, bmr, and blt genes. When the program PSI-BLAST was used, proton-dependent tetracycline and macrolide efflux pumps were identified as homologous to the Tap proteins. The presence of TMS and the high percentage of hydrophobic amino acids strongly suggest a membrane location of the Tap proteins. In addition, sequence motifs characterizing the cluster of 12 TMS in members of the MFS family (35) were found (Fig. 3) . Tap proteins conferred low-level resistance to tetracycline 
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Tap, A PUTATIVE MYCOBACTERIAL MULTIDRUG EFFLUX PUMPand aminoglycosides to M. smegmatis. When studying the tap for gene, we detected slight differences in the resistance levels conferred by plasmids pCSA44 and pAC48. This finding could reflect either a difference in the stabilities of the plasmids due to insert size or, more likely, the presence of a gene homologous to the M. tuberculosis putative regulatory ORF Rv1255, which would be present in pCSA44 but not in pAC48.
The specificities of the two Tap proteins are different: Tap tub confers resistance only to tetracycline, but Tap for confers resistance to tetracycline and the structurally unrelated aminoglycosides streptomycin, gentamicin, 2Ј-N-ethylnetilmicin, and 6Ј-N-ethylnetilmicin. The genes encoding the S. aureus QacA and QacB efflux proteins differ by only 7 nucleotides, but this difference is enough to confer different specificities (36) . Therefore, the difference in the nucleotide sequences of the tap genes (29%) would explain the difference in the specificities of the Tap proteins.
We determined the effect of the protonophore CCCP on the resistance levels conferred by the Tap proteins. First, as CCCP is toxic for bacteria, we determined the MICs of CCCP in LB (2 g/ml) and Middlebrook 7H9 broth (4 g/ml). Our results contrast with the data found by other authors, who used 15 g/ml to study the LfrA transporter (42) in the same strain (M. smegmatis mc 2 155). The resistance levels in the presence of the protonophore CCCP are shown in Table 2 . CCCP reduced the MICs of all five antibiotics used (2Ј-N-ethylnetilmicin, 6Ј-N-ethylnetilmicin, tetracycline, gentamicin, and streptomycin) in cells containing the plasmid-carried tap for gene. For plasmid pefpD (which carries the tap tub gene), CCCP reduced the MIC of tetracycline. Aminoglycosides are known to enter cells by an energy-dependent mechanism (4, 25); as a result, CCCP can affect the levels of resistance to aminoglycosides by decreasing both the uptake of aminoglycosides and extrusion through Tap proteins. Our results showed that the MICs of aminoglycosides were reduced in the presence of CCCP, suggesting that a decrease in the extrusion of aminoglycosides was the predominant effect.
The accumulation experiments with radiolabelled tetracycline showed that the cells containing the tap for gene accumulated only one-half the tetracycline accumulated by the same strain harboring only the vector pSUM36 (Fig. 5) . However, these levels were not substantially changed by preincubation of the cells with CCCP (Fig. 5) or by the addition of CCCP during the time course of tetracycline accumulation (data not shown). With proton-dependent membrane efflux pumps, the addition of CCCP should increase the accumulation of antibiotic in cells overexpressing the pumps. We do not have a plausible explanation for our results.
In summary, the majority of the results in our work support the idea that the Tap proteins are membrane efflux pumps. First, both Tap proteins have sequence similarities to other proteins associated with multidrug-resistance phenotypes, especially tetracycline and macrolide proton-dependent efflux pumps, and a sequence motif characteristic of drug export proteins. Second, the presence of a number of TMS suggests a membrane location. Third, the Tap proteins confer low-level resistance and have a broad substrate specificity. Fourth, the resistance levels of tap-expressing cells are decreased in the presence of CCCP. Fifth, cells expressing Tap proteins accumulate less tetracycline than control cells. The fact that the Tap proteins could export aminoglycosides is an interesting topic for future work, since only the E. coli efflux pump MdfA has been described as a pump for aminoglycosides (12) . Regulatory functions have been described as well for the ABC family of transporters (15) . The idea of the Tap proteins regulating other specific resistance mechanisms is an interesting hypothesis, especially because a recent publication has indicated that the expression of the E. coli multiple-antibioticresistance marA gene in M. smegmatis mc 2 155 produces an increase in the levels of resistance to multiple drugs (23) . We cannot completely rule out the possibility that the Tap proteins, either directly or indirectly, act as regulators. The lack of effect of CCCP in the tetracycline accumulation experiments is consistent with such a hypothesis. The production of the Tap proteins may alter membrane structure or permeability, resulting in different levels of antibiotic resistance.
We consider as well the possibility that the Tap proteins transport other substrates, as it has been postulated that the ability to remove antibiotics may not be the primary physiological role for the multidrug efflux pumps (28) and the transporter Blt is also involved in the transport of the polyamine spermidine (44a). In this connection, the presence of a sugar transport signature and the low but significant homology to some sugar transporters (data not shown) may provide some clues for the primary function of the Tap proteins.
